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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
In order to develop renewables based energy systems, the installation of the offshore wind power plants (WPPs) is globally 
encouraged. However, wind power generation is intermittent and uncertain. An accurate modelling and evaluation reduces 
investment and provide better operation. Hence, it is essential to develop a suitable model and apply optimization algorithms for 
different application scenarios. The objective of this work is to develop a generalized model and evaluate the Optimal Power 
Flow (OPF) solutions in a hybrid AC/DC system including HVDC (LCC based) and offshore WPP (VSC based). This paper also 
shows the significance and impact of control parameters in OPF applications. An integrated hybrid power system network is 
adopted in this paper and OPF techniques are applied on it by considering the impact of different control parameters. In addition 
to the impact of the control variables, the wind power production level also plays a major role in a hybrid system on transmission 
loss evaluation. The developed model is tested in Low, Medium and High wind power production levels to determine the 
objective function of the OPF solution. MATLAB Optimization Toolbox and MATLAB script are used to develop the model for 
the case studies. 
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1. Introduction 
Among multiple renewable energy sources (RESs), Offshore Wind Technology (OWT) is the flagship 
technology to drive the growth of sustainable energy technologies over the world. It provides the highest load hours 
amongst all RESs with more than 4800 full load hours per year and more than 8000 operation hours, which is 
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equivalent to 340 days of production [1]. OWT is the key solution for existing and future EU energy market to meet 
the 2030 energy target [2-3]. The interconnection of North-sea countries though OWT and High Voltage DC 
(HVDC) transmission is the backbone of future EU supergrid [1], [4]. The studies and innovations on the OWT-
hybrid grid system can be broadly classified into two categories: a) voltage source converter multi-terminal DC 
(VSC-MTDC) power flow control and protections, and b) Mathematical modelling and optimization power flow 
(OPF) studies [5]. A large proportion of the relevant publications address the existing technical challenges in OWT 
including over/under voltage issues, wind curtailment and HVDC transmission protection and possible solutions [6-
21]. Mathematical modelling of load flow studies is covered by another set of publications. MATLAB, GAMS, 
MATACDC, MATPOWER are the popular simulation tools used for optimization studies [7], [13]. Although 
multiple literatures exist that cover the OPF method in a hybrid HV transmission system [5], [11], there is few about 
the generalized and detailed algorithm dedicated to hybrid AC/DC systems, e.g. considering both firing angles of 
LCC based HVDC transmission lines and VSC based OWT. The objective of this paper is to develop a generalized 
OPF model of a hybrid grid and OWT. It is designed to minimize the transmission loss in the entire network so as to 
operate the entire grid efficiently and economically. Moreover, the developed OPF model is applied in a hybrid 
system under different wind power generation capabilities to estimate the objective function which is minimization 
of transmission loss in this case.  
The rest of the paper is organized as follows. Section 2 lists the load flow constraints. Section 3 introduces 
different objective functions for the OPF analysis. Section 4 presents the Optimal Power Flow results and 
discussion. Section 5 concludes this work with future extension possibilities.  
2. Load flow constraints modelling 
In a hybrid multi-terminal HVDC network, there are three sets of constraints existing in order to control the 
overall power flow. The constraints can be expressed in terms of a set of power flow equalities and inequalities as, I) 
Converter power conversion constraints, II) DC power flow constraints, III) AC power flow constraints. 
2.1. Converter power conversion constraints  
From the load flow point of view, there is a generalized configuration that can be applied to both AC and DC 
system at the junction point, since the converter can be treated as a power injector at either point. For an AC/DC 
converter the power flow equation can be expressed as below, 
 
 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 + 𝑃𝑃𝐷𝐷𝐴𝐴,𝑖𝑖 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 = 0, (1) 
 
where, 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 represents the active power flow into the AC system, 𝑃𝑃𝐷𝐷𝐴𝐴,𝑖𝑖 represents active power flow into the DC 
system and 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 is the active power loss inside i-th converter. Similar interactive power flow equation as (1) is not 
applicable for reactive power flow, since the HVDC line decouples the reactive power transmission through it and is 
separately controlled at the two ends of the HVDC line by using the power electronic interfaces. Hence, the reactive 
power flow constraints can only be developed for the AC segment analysis. The AC/DC interaction can be 
elaborated in two segments as shown in Fig 1. 
 
 
Fig. 1. Left: VSC configuration from AC system, Right: VSC configuration from DC system [16] 
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Observing from the AC power system, i-th Voltage Source Converter can be seen as a voltage source with 
generating voltage ?⃗?𝑈 𝐴𝐴𝐴𝐴,𝑖𝑖 and injecting power 𝑆𝑆 𝐴𝐴𝐴𝐴,𝑖𝑖 = 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 + 𝑗𝑗𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 to j-th nodal point, expressed in (2) and (3) [17]. 
In (2) and (3), 𝐺𝐺𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 + 𝑗𝑗𝐵𝐵𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 = 1/𝑍𝑍𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 is per phase AC Transmission line admittance as seen from the AC side 
between the i-th and j-th node. 
 
 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 = 𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖2 𝐺𝐺𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 − 𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖(𝐺𝐺𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 cos(𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖) + 𝐵𝐵𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 sin(𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖)) (2) 
 
 𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 = −𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖2 𝐵𝐵𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 − 𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖(𝐺𝐺𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 sin(𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖) − 𝐵𝐵𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 cos(𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖)) (3) 
 
 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 = 0 (4) 
 
      𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 = 0 (5) 
2.2. DC power flow constraints 
As indicated in Fig 1, the Converter system can be considered as a constant current source from the DC system 
with an injection current 𝐼𝐼𝐷𝐷𝐴𝐴,𝑖𝑖 by i-th converter into the DC system. 𝑌𝑌𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖 is the DC bus admittance between i-th and 
j-th DC node. Hence, the total active power injected by i-th node into the DC system can be expressed as (6). 
 
 𝐼𝐼𝐷𝐷𝐴𝐴,𝑖𝑖 = ∑𝑌𝑌𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖(𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖 − 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖)
𝑛𝑛𝐷𝐷𝐷𝐷
𝑖𝑖=1
 
 
(6) 
 
 𝑃𝑃𝐷𝐷𝐴𝐴,𝑖𝑖 = 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖𝐼𝐼𝐷𝐷𝐴𝐴 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖 
(7) 
 
The offshore wind turbines (WTs) produce AC power which then converted to high voltage DC power and 
transmitted through the long distance submarine cable to the onshore transformer. In further, the transmitted DC 
power is inverted to AC power by the onshore converter system and fed into the main land AC grid. Hence, the two 
terminal DC link needs to be further analyzed as in [18]. 
(a) 
(b) 
Fig 2 a). Two terminal model of HVDC transmission link, b) Close loop circuit representation of two-terminal DC link 
 
To analyze the steady state converter operation, the following assumptions can be made for further detailing of 
the load flow constraints, a) the AC terminal voltages are perfectly balanced and sinusoidal, b) the rectifier and 
inverter are capable of ideal AC/DC conversion and c) DC current does not contain any AC component. If the AC to 
DC rectifier terminal is denoted by ‘rect’ and DC to AC inverter terminal is denoted by ‘inv’, the Kirchhoff’s laws 
can be separately expressed for Rectifier and Inverter Terminals. 
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 𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 = −𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖2 𝐵𝐵𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 − 𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖(𝐺𝐺𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 sin(𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖) − 𝐵𝐵𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 cos(𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝛿𝛿𝐴𝐴𝐴𝐴,𝑖𝑖)) (3) 
 
 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 = 0 (4) 
 
      𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 − 𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖 = 0 (5) 
2.2. DC power flow constraints 
As indicated in Fig 1, the Converter system can be considered as a constant current source from the DC system 
with an injection current 𝐼𝐼𝐷𝐷𝐴𝐴,𝑖𝑖 by i-th converter into the DC system. 𝑌𝑌𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖 is the DC bus admittance between i-th and 
j-th DC node. Hence, the total active power injected by i-th node into the DC system can be expressed as (6). 
 
 𝐼𝐼𝐷𝐷𝐴𝐴,𝑖𝑖 = ∑𝑌𝑌𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖(𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖 − 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖)
𝑛𝑛𝐷𝐷𝐷𝐷
𝑖𝑖=1
 
 
(6) 
 
 𝑃𝑃𝐷𝐷𝐴𝐴,𝑖𝑖 = 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖𝐼𝐼𝐷𝐷𝐴𝐴 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖 
(7) 
 
The offshore wind turbines (WTs) produce AC power which then converted to high voltage DC power and 
transmitted through the long distance submarine cable to the onshore transformer. In further, the transmitted DC 
power is inverted to AC power by the onshore converter system and fed into the main land AC grid. Hence, the two 
terminal DC link needs to be further analyzed as in [18]. 
(a) 
(b) 
Fig 2 a). Two terminal model of HVDC transmission link, b) Close loop circuit representation of two-terminal DC link 
 
To analyze the steady state converter operation, the following assumptions can be made for further detailing of 
the load flow constraints, a) the AC terminal voltages are perfectly balanced and sinusoidal, b) the rectifier and 
inverter are capable of ideal AC/DC conversion and c) DC current does not contain any AC component. If the AC to 
DC rectifier terminal is denoted by ‘rect’ and DC to AC inverter terminal is denoted by ‘inv’, the Kirchhoff’s laws 
can be separately expressed for Rectifier and Inverter Terminals. 
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Rectifier and Inverter Equations 
 𝑈𝑈𝑑𝑑,0,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑘𝑘𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑈𝑈𝐴𝐴𝐴𝐴,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  (8) 
 
 𝑈𝑈𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑈𝑈𝑑𝑑,0.𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑅𝑅𝑟𝑟𝐼𝐼𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  (9) 
 
 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑈𝑈𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐼𝐼𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (10) 
 
 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑈𝑈𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐼𝐼𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 tan 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (11) 
 
 𝑈𝑈𝑑𝑑,0,𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑈𝑈𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖𝑖𝑖  (12) 
 
 𝑈𝑈𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑑𝑑,0.𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝐼𝐼𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖 (13) 
 
 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖𝐼𝐼𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖 (14) 
 
 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖𝐼𝐼𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖 tan 𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖 (15) 
 
where 𝑈𝑈𝑑𝑑,0,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑈𝑈𝑑𝑑,0,𝑖𝑖𝑖𝑖𝑖𝑖 are the ideal no-load DC voltage after conversion of the per phase AC voltage 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  at the 
rectifier terminal and 𝑈𝑈𝑖𝑖𝑖𝑖𝑖𝑖  at the inverter terminal respectively, k = 3√2/𝜋𝜋 is the AC/DC conversion factor, 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  , 
𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖  are the rectifier and inverter firing angle respectively. Although firing angles are normally for LCC based 
HVDC, they are employed here for describing the voltage magnitude relation between the AC and DC side of the 
VSC converters in order to have a generalized form for both technologies (LCC and VSC). 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖 represent the 
equivalent commutating resistance of the rectifier and inverter respectively. Since, the losses at the transformers and 
converters are neglected hence,  𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑃𝑃𝐴𝐴𝐴𝐴,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 & 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑄𝑄𝐴𝐴𝐴𝐴,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  and 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖𝑖𝑖 & 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖𝑖𝑖. The active 
power flow direction depends on the direction of current 𝐼𝐼𝐷𝐷𝐴𝐴 flowing in the DC network, which is decided by the 
voltage levels at the two terminals of the DC network.  The reactive power is either injected into the AC network or 
absorbed from the AC network at the terminals since there is no reactive power transmission through the DC 
network. 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 , 𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖  are the power factor at the rectifier and inverter terminals respectively connected to AC 
terminal. 
Line equation 
The line current through the DC link between the rectifier and inverter is expressed as (16).  𝐼𝐼𝐷𝐷𝐴𝐴 = 𝐼𝐼𝐷𝐷𝐴𝐴,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =
𝐼𝐼𝐷𝐷𝐴𝐴,𝑖𝑖𝑖𝑖𝑖𝑖  and 𝑅𝑅𝐷𝐷𝐴𝐴 is the DC line resistance. 
 𝐼𝐼𝐷𝐷𝐴𝐴 =  
𝑈𝑈𝑑𝑑,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑈𝑈𝑑𝑑,𝑖𝑖𝑖𝑖𝑖𝑖
𝑅𝑅𝐷𝐷𝐴𝐴
 (16) 
Converter constraints 
The converter loss of i-th converter as indicated in (1) can be expressed as a function of converter current. 
 
           𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑖𝑖 = 𝑎𝑎𝑖𝑖 + 𝑏𝑏𝑖𝑖𝐼𝐼𝐴𝐴,𝑖𝑖 + 𝑐𝑐𝑖𝑖𝐼𝐼𝐴𝐴,𝑖𝑖2   (17) 
 
where 𝑎𝑎𝑖𝑖, 𝑏𝑏𝑖𝑖, 𝑐𝑐𝑖𝑖 are the VSC loss parameters, which depends on the specific power electronic component used in the 
Converter and 𝐼𝐼𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖 =  √𝑃𝑃𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖 + 𝑄𝑄𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖 /𝑈𝑈𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖. Some more converter operating constraints for i-th converter 
(as shown in Figure 2) can be listed in following inequalities; where 𝐼𝐼𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum allowable converter 
current limit and 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖,𝑚𝑚𝑖𝑖𝑖𝑖  , 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚  are the minimum and maximum applied voltage across the converter, 
respectively. The maximum current carrying capacity of submarine cable is 𝐼𝐼𝐷𝐷𝐴𝐴,𝑚𝑚𝑚𝑚𝑚𝑚. 
 
 −𝐼𝐼𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 ≤  𝐼𝐼𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖 ≤  𝐼𝐼𝐴𝐴𝑙𝑙𝑖𝑖𝑖𝑖,𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 (18) 
 
 𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖,𝑚𝑚𝑖𝑖𝑖𝑖 ≤  𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖 ≤  𝑈𝑈𝐷𝐷𝐴𝐴,𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚 (19) 
 
 −𝐼𝐼𝐷𝐷𝐴𝐴,𝑚𝑚𝑚𝑚𝑚𝑚 ≤  𝐼𝐼𝐷𝐷𝐴𝐴,𝑖𝑖 ≤  𝐼𝐼𝐷𝐷𝐴𝐴,𝑚𝑚𝑚𝑚𝑚𝑚 (20) 
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2.3. AC power flow constraints 
In order to determine the Optimal Power Flow subject to maximizing/minimizing a certain objective function, the 
following non-linear equalities are valid.  
 
∑ 𝑃𝑃𝐺𝐺𝑘𝑘 −
𝑘𝑘 ∈ 𝑖𝑖
∑ 𝑃𝑃𝐿𝐿𝑘𝑘 −
𝑘𝑘 ∈ 𝑖𝑖
∑ 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘 = ∑ 𝑈𝑈𝐴𝐴𝐶𝐶,𝑖𝑖𝑈𝑈𝐴𝐴𝐶𝐶,𝑗𝑗[𝐺𝐺𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗) + 𝐵𝐵𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗 sin(𝛿𝛿𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗)]
𝐶𝐶𝐴𝐴𝐴𝐴
𝑗𝑗=1𝑘𝑘 ∈ 𝑖𝑖
 
 
(21) 
 
∑ 𝑄𝑄𝐺𝐺𝑘𝑘 −
𝑘𝑘 ∈ 𝑖𝑖
 ∑ 𝑄𝑄𝐿𝐿𝑘𝑘 −
𝑘𝑘 ∈ 𝑖𝑖
∑ 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘 =  ∑ 𝑈𝑈𝐴𝐴𝐶𝐶,𝑖𝑖𝑈𝑈𝐴𝐴𝐶𝐶,𝑗𝑗[𝐺𝐺𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗 𝑐𝑐𝑠𝑠𝑠𝑠(𝛿𝛿𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗) − 𝐵𝐵𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗)]
𝐶𝐶𝐴𝐴𝐴𝐴
𝑗𝑗=1𝑘𝑘 ∈ 𝑖𝑖
 
 
(22) 
 
where 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘  and 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘  are the generation of Active and Reactive power (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝑖𝑖𝐶𝐶𝐶𝐶,𝑘𝑘  and 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝑖𝑖𝐶𝐶𝐶𝐶,𝑘𝑘 ) at the 
converter connecting node k if connected to the VSC. 𝑃𝑃𝐿𝐿𝑘𝑘  and 𝑄𝑄𝐿𝐿𝑘𝑘  are the consumption of Active and Reactive 
power by the Load at node k. 
3. Optimal power flow 
In case of a large power system, the objective function can be one of the following [2], [5]: a) Minimizing power 
loss, where 𝑃𝑃𝑔𝑔𝑖𝑖  is the generation of active power at i-th bus and 𝑃𝑃𝑑𝑑𝑖𝑖  is the demand/consumption of active power at i-
th bus (23), b) Minimizing generation cost, where 𝐶𝐶𝑗𝑗 is the per unit cost function of j-th generator and 𝑃𝑃𝑔𝑔𝑗𝑗  is the 
generation capacity of j-th generator (24), c) Minimizing the deviation of bus voltages at all buses, where 𝑉𝑉𝑗𝑗,𝑚𝑚 is the 
measured bus voltage at j-th bus and 𝑉𝑉𝑗𝑗,𝑠𝑠𝑟𝑟𝑟𝑟  is the set point voltage at j-th bus (Equation 25), d) Maximizing the 
reactive power supply which can be required under normal or abnormal operating condition of the grid, where 𝑄𝑄𝑔𝑔,𝑗𝑗 
is the reactive power delivered by the j-th generator (26). 
 
 
[𝑀𝑀𝑀𝑀𝑀𝑀]𝑍𝑍 = ∑(𝑃𝑃𝑔𝑔𝑖𝑖 − 𝑃𝑃𝑑𝑑𝑖𝑖)
𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏
𝑖𝑖=1
 
 
(23) 
 
 
[𝑀𝑀𝑀𝑀𝑀𝑀]𝑍𝑍 = ∑ 𝐶𝐶𝑗𝑗(𝑃𝑃𝑔𝑔𝑗𝑗)
𝐶𝐶𝑔𝑔
𝑖𝑖=1
 
 
(24) 
 
 
[𝑀𝑀𝑀𝑀𝑀𝑀]𝑍𝑍 = ∑(𝑉𝑉𝑗𝑗,𝑚𝑚 − 𝑉𝑉𝑗𝑗,𝑠𝑠𝑟𝑟𝑟𝑟)
2
𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏
𝑖𝑖=1
 
 
(25) 
 
 
[𝑀𝑀𝑀𝑀𝑀𝑀]𝑍𝑍 = ∑(𝑄𝑄𝑔𝑔,𝑗𝑗)
𝐶𝐶𝑔𝑔
𝑖𝑖=1
 
 
(26) 
 
In this paper, minimizing transmission loss is considered as the objective function. Based on that, the nonlinear 
constraints and variables are provided and different optimized solutions are obtained. Interior point algorithm 
through the Matlab function “fmincon”, which is efficient in solving constraint nonlinear optimization problems, is 
used to determine the minima subject to the non-linear constraints and bounded parameters. The decision variables 
can be a) Active power output of the generating units, b) Generating unit voltages, c) Transformer tap positions, d) 
Booster transformer phase shifter, e) Operating status of reactive power compensating devices (switched capacitors 
and reactors), f) Power electronic control variables (HVDC, FACTS). The objective function in this case is the 
transmission loss (Z). The Inequalities added to determine the OPF solution are as follows. 
 
 [0.9 ≤ 𝑉𝑉𝐴𝐴𝐶𝐶,𝐷𝐷𝐶𝐶 ≤ 1.1] (27) 
 
 [−0.8 ≤ 𝜃𝜃𝐴𝐴𝐶𝐶 ≤ 0.2 ] (28) 
 
 [2 𝑑𝑑𝑑𝑑𝑑𝑑 ≤ 𝛼𝛼𝑟𝑟7,𝛾𝛾𝑖𝑖8, 𝛾𝛾𝑖𝑖9 ≤ 50 𝑑𝑑𝑑𝑑𝑑𝑑] (29) 
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2.3. AC power flow constraints 
In order to determine the Optimal Power Flow subject to maximizing/minimizing a certain objective function, the 
following non-linear equalities are valid.  
 
∑ 𝑃𝑃𝐺𝐺𝑘𝑘 −
𝑘𝑘 ∈ 𝑖𝑖
∑ 𝑃𝑃𝐿𝐿𝑘𝑘 −
𝑘𝑘 ∈ 𝑖𝑖
∑ 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘 = ∑ 𝑈𝑈𝐴𝐴𝐶𝐶,𝑖𝑖𝑈𝑈𝐴𝐴𝐶𝐶,𝑗𝑗[𝐺𝐺𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗) + 𝐵𝐵𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗 sin(𝛿𝛿𝐴𝐴𝐶𝐶,𝑖𝑖𝑗𝑗)]
𝐶𝐶𝐴𝐴𝐴𝐴
𝑗𝑗=1𝑘𝑘 ∈ 𝑖𝑖
 
 
(21) 
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where 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘  and 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑘𝑘  are the generation of Active and Reactive power (𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝑖𝑖𝐶𝐶𝐶𝐶,𝑘𝑘  and 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/𝑖𝑖𝐶𝐶𝐶𝐶,𝑘𝑘 ) at the 
converter connecting node k if connected to the VSC. 𝑃𝑃𝐿𝐿𝑘𝑘  and 𝑄𝑄𝐿𝐿𝑘𝑘  are the consumption of Active and Reactive 
power by the Load at node k. 
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In case of a large power system, the objective function can be one of the following [2], [5]: a) Minimizing power 
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measured bus voltage at j-th bus and 𝑉𝑉𝑗𝑗,𝑠𝑠𝑟𝑟𝑟𝑟  is the set point voltage at j-th bus (Equation 25), d) Maximizing the 
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is the reactive power delivered by the j-th generator (26). 
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𝐶𝐶𝑔𝑔
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In this paper, minimizing transmission loss is considered as the objective function. Based on that, the nonlinear 
constraints and variables are provided and different optimized solutions are obtained. Interior point algorithm 
through the Matlab function “fmincon”, which is efficient in solving constraint nonlinear optimization problems, is 
used to determine the minima subject to the non-linear constraints and bounded parameters. The decision variables 
can be a) Active power output of the generating units, b) Generating unit voltages, c) Transformer tap positions, d) 
Booster transformer phase shifter, e) Operating status of reactive power compensating devices (switched capacitors 
and reactors), f) Power electronic control variables (HVDC, FACTS). The objective function in this case is the 
transmission loss (Z). The Inequalities added to determine the OPF solution are as follows. 
 
 [0.9 ≤ 𝑉𝑉𝐴𝐴𝐶𝐶,𝐷𝐷𝐶𝐶 ≤ 1.1] (27) 
 
 [−0.8 ≤ 𝜃𝜃𝐴𝐴𝐶𝐶 ≤ 0.2 ] (28) 
 
 [2 𝑑𝑑𝑑𝑑𝑑𝑑 ≤ 𝛼𝛼𝑟𝑟7,𝛾𝛾𝑖𝑖8, 𝛾𝛾𝑖𝑖9 ≤ 50 𝑑𝑑𝑑𝑑𝑑𝑑] (29) 
 Debasish Dhua et al./ Energy Procedia 00 (2017) 000–000 
 
 [0.6 ≤ cos (𝜑𝜑1, 𝜑𝜑2, 𝜑𝜑3) ≤ 1] (30) 
4. Case studies 
4.1. Description of the hybrid AC/DC system  
An example hybrid AC/DC system is chosen for case studies in this paper. The line impedance of each individual 
line is expressed in Figure 3. The base MVA of the system is assumed as 100 MVA. The shunt admittance of each 
AC line is assumed as 0.1j. Transformers are shown with turns ratio and impedance value. The converter impedance 
value is taken as 0.0001 + 0.1643j [16]. The PV-bus information is given for each bus listed in Table 1. To solve the 
load flow problem, the AC-DC unified algorithm is adopted here. 
Table 1. (Bus Data) 
 
 
 
 
 
 
 
 
Fig. 3. Multi-terminal hybrid AC/DC network and Offshore Wind Farm 
4.2. OPF level  A 
The optimization function Z is calculated based on the linear & nonlinear constraints and inequalities listed 
above. From Table 2, it is clear that as the deviations of bus voltage and angles are relaxed the transmission loss 
decreases gradually by solving the same Optimal Load flow algorithm. With the OPF method applied for case I, II 
& III, the deviations of voltage magnitudes & angle can be limited by bounding the range (upper/lower); 
accordingly the objective function value (Transmission Loss) changes. 
 
Table 2 (Results of OPF Level A)  
Case  Control Variables Z (MW) 
I Bounded, 𝑉𝑉 = ±10%, 𝜃𝜃 = ±15% 11.21 
II Bounded, 𝑉𝑉 = ±10%, 𝜃𝜃 = ±18% 7.58 
III Bounded, 𝑉𝑉 = ±10%, 𝜃𝜃 = ±20% 5.57 
 
Bus Type Bus Number 
Slack Bus Bus 1 
PV Bus Bus 4, 6 
PQ Bus Bus 2, 3, 5 
DC Bus Bus 7, 8, 9 (converter terminal) 
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4.3.  OPF level B 
The transmission loss can be further optimized by inserting additional control variables with corresponding upper 
and lower bounds. In OPF level B, two more cases are chosen as III-a and III-b. Case III is considered as the base 
case in this level because of its minimum transmission loss with strict voltage and angle deviation limit and is 
further investigated if the transmission loss can be reduced with additional control variable on top of the base case 
III. In case of III-a, the firing angles of rectifier and inverter (𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟7, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖8, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖9) are inserted as additional control 
variables. In case III-b, the power factor angles of the operating converters (𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟7,𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖8, 𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖9) in the system are 
also included as controlled variables with their respective upper and lower bounds. Case III, III-a and III-b are listed 
in detail in Table 3 with the optimization results.  
 
Table 3. (Results of OPF Level B) 
Case Control Variables Z (MW) 
  III [0.9 ≤ 𝑉𝑉𝐴𝐴𝐴𝐴,𝐷𝐷𝐴𝐴 ≤ 1.1],[−0.8 ≤ 𝜃𝜃𝐴𝐴𝐴𝐴 ≤ 0.2] 5.57 
III-a [0.9 ≤ 𝑉𝑉𝐴𝐴𝐴𝐴,𝐷𝐷𝐴𝐴 ≤ 1.1],[−0.8 ≤ 𝜃𝜃𝐴𝐴𝐴𝐴 ≤ 0.2] 
[5° ≤ 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟7, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖8, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖9 ≤ 45°] 
5.486 
III-b [0.9 ≤ 𝑉𝑉𝐴𝐴𝐴𝐴,𝐷𝐷𝐴𝐴 ≤ 1.1] [−0.8 ≤ 𝜃𝜃𝐴𝐴𝐴𝐴 ≤ 0.2] 
[5° ≤ 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟7, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖8, 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖9 ≤ 45°] 
[0.6 ≤ cos (𝜑𝜑rect7, 𝜑𝜑inv8, 𝜑𝜑inv9) ≤ 1] 
5.484 
From the Transmission loss values listed in Table 3, it can be safely concluded that the objective function can be 
further optimized in OPF III-a and OPF III-b. The more the number of controlled variable defined in the 
optimization process, the better result (value of Z) is expected. But at the same time, it is also interesting to observe 
that there is a chance of reaching the saturation optimization point beyond which the optimization result may not 
significantly improve. The saturation effect can be clearly observed by comparing the results in OPF III-a and OPF 
III-b. Hence, the selection of parameters and specified upper and lower limit for each control variable play the key 
role in updating the OPF results in each level. 
4.4.  OPF under different wind scenarios 
In this subsection, the OPF study is applied for varying the generation level of the large scale wind park (Low, 
Medium and High) respectively in three cases. The total Active and Reactive power demand of the system is 800 
MW and 350 MVar respectively. In the three scenarios, Wind Turbine Generator (WTG) generation are specified 
with respective active/reactive power generation as listed in Table 4. The generator outputs of the two conventional 
generators (G1, G4) connected to Bus1 and Bus 4 are determined by OPF method and listed below. In all three case, 
the transmission losses of the overall system are minimized.  
 
Table 4. (Results of OPF for Different Wind Production) 
WTG  
production 
WTG 
Active 
Power 
WTG 
Reactive 
Power 
Conventional 
Gen. (G1) 
Active Power 
Conventional 
Gen. (G1) 
Reactive Power 
Conventional 
Gen. (G4) 
Active Power 
Conventional 
Gen. (G4) 
Reactive Power 
Transmission 
Loss 
Low 200 50 198.82 100.17 250.00 99.36 40.66 
Medium 500 150 136.35 94.13 228.17 88.13 12.40 
High 700 250 77.47 63.46 122.53 36.54 26.49 
 
It is important to note that, the transmission loss is directly proportional to the distance between the generating 
units and major load center. From Table 4, it can be observed that the Transmission Loss is minimum in Medium 
Wind Generation case, because of the resulting distribution of the entire generation capacity between Conventional 
Generators and Offshore Wind Farm. In case of Low or High Wind generation capacity, bulk power needs to be 
transmitted to the major load center from distant generating (both Conventional and Offshore Wind) units. In reality, 
the large-scale power generating units are usually located far from load centers. Hence, it is essential to optimize the 
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4.3.  OPF level B 
The transmission loss can be further optimized by inserting additional control variables with corresponding upper 
and lower bounds. In OPF level B, two more cases are chosen as III-a and III-b. Case III is considered as the base 
case in this level because of its minimum transmission loss with strict voltage and angle deviation limit and is 
further investigated if the transmission loss can be reduced with additional control variable on top of the base case 
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in detail in Table 3 with the optimization results.  
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5.484 
From the Transmission loss values listed in Table 3, it can be safely concluded that the objective function can be 
further optimized in OPF III-a and OPF III-b. The more the number of controlled variable defined in the 
optimization process, the better result (value of Z) is expected. But at the same time, it is also interesting to observe 
that there is a chance of reaching the saturation optimization point beyond which the optimization result may not 
significantly improve. The saturation effect can be clearly observed by comparing the results in OPF III-a and OPF 
III-b. Hence, the selection of parameters and specified upper and lower limit for each control variable play the key 
role in updating the OPF results in each level. 
4.4.  OPF under different wind scenarios 
In this subsection, the OPF study is applied for varying the generation level of the large scale wind park (Low, 
Medium and High) respectively in three cases. The total Active and Reactive power demand of the system is 800 
MW and 350 MVar respectively. In the three scenarios, Wind Turbine Generator (WTG) generation are specified 
with respective active/reactive power generation as listed in Table 4. The generator outputs of the two conventional 
generators (G1, G4) connected to Bus1 and Bus 4 are determined by OPF method and listed below. In all three case, 
the transmission losses of the overall system are minimized.  
 
Table 4. (Results of OPF for Different Wind Production) 
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production 
WTG 
Active 
Power 
WTG 
Reactive 
Power 
Conventional 
Gen. (G1) 
Active Power 
Conventional 
Gen. (G1) 
Reactive Power 
Conventional 
Gen. (G4) 
Active Power 
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Reactive Power 
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Low 200 50 198.82 100.17 250.00 99.36 40.66 
Medium 500 150 136.35 94.13 228.17 88.13 12.40 
High 700 250 77.47 63.46 122.53 36.54 26.49 
 
It is important to note that, the transmission loss is directly proportional to the distance between the generating 
units and major load center. From Table 4, it can be observed that the Transmission Loss is minimum in Medium 
Wind Generation case, because of the resulting distribution of the entire generation capacity between Conventional 
Generators and Offshore Wind Farm. In case of Low or High Wind generation capacity, bulk power needs to be 
transmitted to the major load center from distant generating (both Conventional and Offshore Wind) units. In reality, 
the large-scale power generating units are usually located far from load centers. Hence, it is essential to optimize the 
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generation capacity and their locations so as to maintain the overall load flow without causing significant 
transmission losses.  
5. Conclusion 
The generalized AC/DC model described in this paper offers the scope of implementing a large and complex 
hybrid system for load flow analysis. Moreover, it is also possible to include the detailed converter model which 
plays a key role in the multi-terminal AC/DC system. With the control parameters and upper/lower bound of the 
parameters the model can lead to realistic and optimal solutions.  
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